◥ Lack of durable response to cytotoxic chemotherapy is a major contributor to the dismal outcomes seen in pancreatic ductal adenocarcinoma (PDAC). Extensive tumor desmoplasia and poor vascular supply are two predominant characteristics which hinder the delivery of chemotherapeutic drugs into PDAC tumors and mediate resistance to therapy. Previously, we have shown that STAT3 is a key biomarker of therapeutic resistance to gemcitabine treatment in PDAC, which can be overcome by combined inhibition of the Src and EGFR pathways. Although it is well-established that concurrent EGFR and Src inhibition exert these antineoplastic properties through direct inhibition of mitogenic pathways in tumor cells, the influence of this combined therapy on stromal constituents in PDAC tumors remains unknown. In this study, we demonstrate in both orthotopic tumor xenograft and Ptf1a cre/þ ; LSL-Kras G12D/þ ;Tgfbr2 flox/flox (PKT) mouse models that concurrent EGFR and Src inhibition abrogates STAT3 activation, increases microvessel density, and prevents tissue fibrosis in vivo. Furthermore, the stromal changes induced by parallel EGFR and Src pathway inhibition resulted in improved overall survival in PKT mice when combined with gemcitabine. As a phase I clinical trial utilizing concurrent EGFR and Src inhibition with gemcitabine has recently concluded, these data provide timely translational insight into the novel mechanism of action of this regimen and expand our understanding into the phenomenon of stromal-mediated therapeutic resistance.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) carries a dismal prognosis, which is scarcely improved by administration of cytotoxic chemotherapy (1) . Recent efforts have utilized molecularly targeted therapies to inhibit constitutively activated kinase pathways in PDAC and improve tumor response to chemotherapy. Small-molecule inhibitors of the EGFR and the nonreceptor tyrosine kinase Src initially emerged as promising therapeutic targets due to their effects on multiple downstream mediators that are activated in PDAC (2) . However, single-agent EGFR or Src inhibition in combination with conventional chemotherapy has proven ineffective in human clinical trials, namely due to the persistence of cellular feedback mechanisms which foster therapeutic resistance to single-agent kinase inhibitors (3) (4) (5) . Reactivation of the STAT3 pathway has been suggested as a key mediator of resistance to monotherapy with either EGFR or Src inhibitors (6, 7) . We have previously demonstrated that simultaneous inhibition of Src kinase and EGFR signaling blocks activation of the oncogenic transcription factor STAT3 to overcome therapeutic resistance and improve the efficacy of gemcitabine in PDAC tumor cells in vitro (8) . However, the efficacy of this regimen on reducing stromal fibrosis and improving overall survival in PDAC in vivo remain unknown.
The fibrotic, hypovascular PDAC tumor microenvironment (TME) is unique among solid organ cancers and contributes heavily to the development of therapeutic resistance by limiting vascular perfusion, fostering tissue hypoxia, and acting as a mechanical barrier to drug delivery (9, 10) . Preceding efforts have explored strategies to both curtail and reverse fibrosis in PDAC to enhance the infiltration of cytotoxic compounds into tumors (11) . However, conflicting experimental evidence and lack of clinical efficacy has highlighted the need for alternative strategies to target the stroma in PDAC (12, 13) . We have previously shown that direct pharmacologic inhibition of STAT3 combats stromal-mediated chemoresistance by suppressing fibrosis and increasing microvessel density (MVD) in the TME, thereby augmenting the infiltration of gemcitabine into PDAC tumors to improve overall survival in a murine model of PDAC (14) . As our former studies have shown combined Src/EGFR blockade potently inhibits STAT3 activation in PDAC tumors, we hypothesized that concurrent Src/EGFR inhibition would affect the tumor stroma in a manner similar to STAT3 monotherapy (8) . In this investigation, we confirm that dual therapy with the Src inhibitor, dasatinib, and the EGFR kinase inhibitor, erlotinib, inhibits STAT3 activity, induces stromal remodeling, and enhances MVD in PDAC tumors, resulting in an improvement in overall survival in Ptf1a cre/þ ;LSL-Kras G12D/þ ; Tgfbr2 flox/flox (PKT) transgenic mice. As investigations into the use of combined Src/EGFR inhibition for the treatment of PDAC are currently in early stage clinical trials, these data provide timely insight into the novel mechanism of action of these compounds and expand our understanding into the phenomenon of stromal-mediated therapeutic resistance.
Materials and Methods

Animals
Athymic nude mice, Fox1 nu/nu (4-6 weeks old), were purchased from Harlan Sprague Dawley, Inc. The genetically engineered PKT mouse models (provided by Dr. Harold Moses, Vanderbilt University Medical Center, Nashville, TN) were bred as described previously (14, 15) .
Cell lines and orthotopic tumor models
Human pancreatic cancer cell lines BxPC3 and PANC1 were obtained from the ATCC and maintained according to the ATCC guidelines. Cells with low passage numbers (<20) were used. Cell authentication was performed by using STR DNA profiling (latest date: June 16, 2016) and cell lines tested negative for Mycoplasma via Genetica cell line testing (Burlington, NC, USA) using eMYCO plus kit (iNtRON Biotechnology) and by Hoechst DNA stain (indirect) and agar culture (direct) methods. Orthotopic cell injections, intraoperative monitoring, and postoperative analgesia were performed as described previously (14) . Briefly, orthotopic tumors were established by injection of 2.5 Â 10 6 BxPC3 or PANC1 cells into the pancreata of female athymic nude mice. Mice were treated as single-arm or in combination with the Src kinase inhibitor, dasatinib (25 mg/kg, oral gavage twice daily), the EGFR tyrosine kinase inhibitor, erlotinib (50 mg/kg, oral gavage daily), and/or gemcitabine (15 mg/kg, intraperitoneal injection three times weekly) and compared with vehicle (citrate buffer)-treated mice (n ¼ 5 mice in each treatment arm for each cell line xenograft). For endpoint analysis, treatment was maintained for 3 weeks, after which mice were sacrificed and tumors extracted for histologic analysis.
Treatment of PKT mice
Treatment of vehicle, dasatinib (25 mg/kg, oral gavage twice daily), erlotinib (50 mg/kg, oral gavage daily), and/or gemcitabine (15 mg/kg, intraperitoneal injection three times weekly) in PKT mice was initiated at 4 weeks of age, at the point where mice develop locally invasive, rapidly progressive tumors (15) . Treatment was implemented for 4 weeks in endpoint analysis arm, after which mice were sacrificed. For survival analysis, treatment was continued in PKT mice until they were moribund.
All animal experiments were performed in accordance with Institutional Animal Care and Use Committees at Vanderbilt University (Nashville, TN) and The University of Miami (Miami, FL; Protocol nos. 15-057, 15-099, and 18-081).
IHC
Pancreatic tumor sections were isolated from both PKT mice and orthotopic xenografts and fixed in 10% neutral buffered formalin solution. Tissue slides were then deparaffinized followed by heatinduced antigen retrieval in citrate buffer (pH ¼ 6.0). This was followed by quenching endogenous peroxidase activity by incubating in 3% H 2 O 2 for 10 minutes. Tissues were further immunostained using indicated primary antibodies ( Supplementary Table S1 ). Primary antibodies were then detected using VECTASTAIN Elite ABC per-oxidase kit as per the manufacturer's protocol using diaminobenzidine as the chromogen. Finally, the sections were counterstained with Mayer's hematoxylin and mounted with D.P.X. Tissue sections were microscopically examined. Digital slide images were adjusted to exclude areas containing histologic artifacts, such as tissue folds or nonorganic material, from the digital image. Positive staining was quantified by using ImageJ image analysis software (NIH, Bethesda, MD) and reported as percentage area of positive staining. Trichrome blue staining was performed as described previously (14) . PKT tumor tissues from 4 week endpoint analysis arm were additionally stained using hematoxylin and eosin (H&E). Total tumor area relative to normal pancreas was estimated in these sections by manual quantification of random fields.
Western blot analysis
Western blot analysis was performed using standard methods described previously (16) . Primary antibodies (listed in Supplementary Table S1) were incubated overnight at 4 C. In brief, after treatment, pancreas tissues from PKT mice were homogenized in RIPA buffer with protease inhibitor cocktail (Sigma) and PhosSTOP phosphatase inhibitor (Roche) for protein preparations. Homogenates of tumor samples were subjected to SDS-PAGE followed by Western blotting. Immunoblots were quantified using ImageJ (NIH, Bethesda, MD) and graphed using Prism Software (GraphPad Software Inc.).
Matrix-assisted laser desorption/ionization imaging mass spectrometry
Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS) experiments were performed as described previously (14) . In brief, BxPC3 tumor xenografts were removed and flash-frozen in liquid nitrogen before storage at À80 C. Frozen tissue samples were then cut into 12-mm thick sections using a cryostat (Leica Microsystems). These frozen sections were then thaw-mounted onto gold-coasted, stainless steel MALDI target plates. Matrix solution (2 0 ,4 0 ,6 0 -trihydroxyacetophenone, 20 mg/mL in 60:40 methanol:water with 0.1% trifluoroacetic acid) was manually applied to tissues using a glass nebulizer. MALDI mass spectra were acquired using a linear ion trap (LTQ XL) mass spectrometer (Thermo Fisher Scientific) in MS-MS mode. MS-MS was performed on the protonated parent ion of gemcitabine (m/z 264) and full product ion spectra were obtained, allowing gemcitabine to be differentiated by pseudoselected reaction monitoring. The main fragment ion of gemcitabine at m/z 112 was utilized for image reconstruction. Spectra were obtained for each section at 150 mm spatial resolution. Images were generated using ImageQuest Software (Thermo Fisher Scientific) by analyzing the main fragment ion intensity as a function of the position over the tissue surface. For statistical comparisons, average spectra were generated over each tissue section and the intensities of m/z 112 were exported for further comparisons.
Statistical analysis
Statistics were calculated using Microsoft Excel, Prism software, and statistical software package R (version 3.3.2). Statistical analyses of IHC experiments were analyzed using one-way ANOVA to assess the differences between experimental groups after raw image analysis. Analysis of MALDI-IMS data were performed using Student t test with P < 0.05 taken as significant, except where otherwise noted. Overall survival was determined using Kaplan-Meier plot and log-rank test in Prism software. P values were obtained from permutation test to compare adjusted AUC of body weight curves between groups as described previously (17) . All statistical analysis was reviewed by the Biostatistic and Bioinformatics Core at Sylvester Comprehensive Cancer Center to ensure accuracy.
Results
Combined Src and EGFR inhibition decreases tumor collagen content and reduces fibrosis in an orthotopic mouse model of PDAC
Collagen is an abundant component of the desmoplastic stroma in PDAC tumors, acting to physically impede intratumoral drug delivery and activate prosurvival pathways, which promote chemoresistance (18) (19) (20) . Previous studies have specifically implicated type IV collagen as a protumorigenic extracellular matrix protein that is highly upregulated in PDAC and functions to enhance tumor cell proliferation and inhibit apoptosis (21, 22) . To examine the changes in stromal collagen content and fibrosis observed with Src and EGFR inhibition, in vivo studies were performed using both BxPC3 and PANC1 orthotopic xenografts.
Treatment with indicated compounds was continued in mice for 3 weeks. Animals were then humanely euthanized and pancreatic tissues were harvested for subsequent histologic analysis. In BxPC3 xenografts, dasatinib or erlotinib monotherapy failed to significantly reduce either collagen IV or total collagen levels as compared with the vehicle treatment. However, treatment with combined dasatinib/erlotinib regimen produced a marked decrease in collagen IV levels and trichrome-positive staining area (Fig. 1A) . Similarly, type IV collagen levels and trichrome-positive staining were significantly decreased by combined dasatinib/erlotinib treatment in PANC1 xenografts (Fig. 1B) . Additionally, we observed a similar reduction in collagen I in PANC1 xenografts ( Supplementary  Fig. S1 ). Importantly, the addition of gemcitabine to combined dasatinib/erlotinib treatment arms did not reverse the antifibrotic effects of this therapy, indicating that cytotoxic chemotherapy does not alter the stromal response to combined Src and EGFR inhibition ( Fig. 1A and B) . These results demonstrate that combined Src and EGFR pathway inhibition reduces tumor collagen content and stromal fibrosis in vivo. Combined Src and EGFR inhibition decreases STAT3 activity and enhances MVD in an orthotopic mouse model of PDAC PDAC tumors are characterized by poor vascular perfusion and profound hypoxia, factors which promote the release of soluble molecules which induce stromal activation, impair drug delivery, and influence tumor progression (23, 24) . Paradoxically, this hypoxic microenvironment can lead to further perturbations in intratumoral blood vessel formation, which worsen tissue perfusion and limit the response to chemotherapeutic agents (25) (26) (27) . We have previously demonstrated that direct inhibition of the transcription factor STAT3 remodels the TME to increase MVD and thereby improve the delivery of gemcitabine into PDAC tumors, yet the role of combined Src/EGFR inhibition in recapitulating these changes remains unknown (14, 16) . To confirm target inhibition of STAT3 in vivo, BxPC3 xenograft samples were probed for pSTAT3 levels by IHC. In tumors treated with dasatinib or erlotinib alone, there was no significant decrease in pSTAT3 when compared with control tissues. However, in combined dasatinib/erlotinib and dasatinib/erlotinib/gemcitabine treatment groups, there was a substantial reduction in pSTAT3, confirming our previous findings that concurrent Src and EGFR pathway inhibition functions to reduce STAT3 activation in vivo ( Fig. 2A) . To determine whether these changes correlated with a change in the MVD in PDAC tumors, treated samples were probed for CD31 (PECAM-1) levels by IHC. CD31 is an endothelial marker which is associated with vascular normalization and maturity and has been correlated with chemotherapeutic response in previous studies of PDAC (11, 28) . While we observed no difference between vehicle or single-agent dasatinib/ erlotinib arms, a significant increase in CD31-positive staining was seen in tumors treated with combined dasatinib/erlotinib, which was sustained with the addition of gemcitabine (Fig. 2B) . To determine whether this increase in MVD correlated with improved intratumoral penetration of gemcitabine, MALDI-IMS was utilized to examine gemcitabine levels in treated specimens as described previously (14) . Levels of gemcitabine were nearly undetectable in tumors treated with erlotinib or dasatinib monotherapy in combination with gemcitabine. However, combined treatment with dasatinib/erlotinib was able to markedly increase the detectable levels of gemcitabine within PDAC tumors ( Supplementary Fig. S2 ). Overall, these results suggest that combined Src/EGFR inhibition reduces STAT3 activity and increases the MVD within PDAC tumors, leading to improved delivery of cytotoxic chemotherapy.
Combined Src and EGFR inhibition reduces tumor growth, decreases stromal fibrosis and STAT3 activation, and increases MVD in a spontaneous murine model of PDAC
Although orthotopic tumor xenografts are reliable models for studying drug response in PDAC tumors, there are significant limitations which may hinder the use of this model in studying tumor-stromal interactions (29) . Therefore, we aimed to determine if the effects of combined Src and EGFR inhibition observed in orthotopic models could be reproduced in an immunocompetent, spontaneous mouse model of PDAC. For these studies, we utilized the PKT mouse model, which develop pancreatic tumors that closely mirror the histologic progression and stromal composition seen in spontaneous human PDAC (15) . We have previously demonstrated that this model is characterized by abundant fibrosis, reduced vascular perfusion, and marked resistance to gemcitabine treatment, making it a suitable model to study the effects of combined Src/EGFR inhibition on stromal remodeling in PDAC (14) . Treatment with dasatinib, erlotinib, and gemcitabine either alone or in combination was initiated in PKT mice at 4 weeks of age (n ¼ 5-7 per group), at which point mice reproducibly develop locally aggressive tumors. Therapy was continued for 4 weeks and mice were sacrificed and tumors harvested for histologic analysis (Fig. 3A) . In PKT tumors, combined dasatinib/ erlotinib or dasatinib/erlotinib/gemcitabine treatment regimens significantly reduced tumor weight at endpoint (Fig. 3B) . Changes in stromal fibrosis were characterized in treated specimens by staining for collagen I, collagen IV, and trichrome blue. Combined dasatinib/erlotinib treatment was effective in reducing levels of collagen I and IV and overall tumor fibrosis, an effect which was preserved with the addition of gemcitabine (Fig. 3C) . Similarly, levels of pSTAT3 were substantially reduced with combined dasatinib/erlotinib or dasatinib/erlotinib/gemcitabine treatment in PKT tumor samples ( Fig. 4A and B) . This was accompanied by a compensatory rise in CD31-positive staining in samples treated with dasatinib/erlotinib or dasatinib/erlotinib/gemcitabine, which was not observed in vehicle or single-arm treatments (Fig. 4C) .
Overall, these results validate the findings observed in orthotopic models and demonstrate that combined Src and EGFR inhibition decreases tumor weight, reduces stromal fibrosis, inhibits STAT3 activity, and increases MVD in a spontaneous mouse model of PDAC.
Combined Src and EGFR inhibition prevents PDAC tumor progression and improves overall survival in PKT mice
To determine the effect of combined Src/EGFR inhibition AE gemcitabine on overall survival, PKT mice were treated beginning at 4 weeks of age (n ¼ 7-9 per group) and continued on therapy until moribund, at which point animals were euthanized (Fig. 5A) . Monotherapy with either dasatinib, erlotinib, or gemcitabine alone was ineffective in improving overall survival. However, combined dasatinib/erlotinib and dasatinib/erlotinib/gemcitabine regimens substantially improved survival over vehicle-treated mice (median survival of 54 days compared with 99 and 105 days, respectively; P ¼ 0.004; Fig. 5B ). To examine the changes in microscopic tumor burden, H&E staining was performed on vehicle and treated pancreatic tissue specimens. Microscopic analysis showed that PKT mice treated with vehicle or monotherapy had no reduction in tumor burden. Only combination therapy with dasatinib/erlotinib/gemcitabine produced a significant reduction in the total tumor relative to normal pancreatic tissue area when compared with PKT mice treated with vehicle or monotherapy alone (Fig. 5C) . Importantly, there was no difference in overall weight between treatment arms during therapy (Supplementary Fig. S3 ). Overall, these findings indicate that combined dasatinib/ erlotinib and dasatinib/erlotinib/gemcitabine treatment is welltolerated and improves overall survival in a preclinical mouse model of PDAC. Targeting Src and EGFR Reduces STAT3 and Improves Survival AACRJournals.org
Discussion
Despite the well-described antitumor effects on primary tumor cells, the role of combined Src/EGFR inhibition on altering the stromal composition in PDAC remains unknown. PDAC is characterized by the presence of a dense, desmoplastic stromal reaction which comprises a majority of tumor mass and plays a central role in tumor initiation and progression (30, 31) . The extracellular matrix in PDAC tumors is comprised of structural proteins such as collagen, laminin, and hyaluronan, which act as a physical barrier to effector immune cell infiltration and intratumoral drug delivery (9, 32, 33) . In addition, the heterogeneous cellular component of the stroma, consisting predominately of cancer-associated fibroblasts and immune cells, also actively engage in cross-talk with PDAC tumor cells through soluble mediators that promote disease progression and modulate therapeutic resistance (34, 35) . The stroma has been identified as a critical mediator of gemcitabine resistance through numerous mechanisms including upregulation of antiapoptotic pathways, alterations in the expression of tumor cell nucleoside transporters, or through direct covalent modifications to gemcitabine which block its cytotoxic effects (36) (37) (38) .
Furthermore, PDAC tumors are characterized by profound tissue hypoxia due to poor vascular perfusion and paucity of intratumoral blood vessels, which impairs delivery of chemotherapeutic compounds into tumors (11, 39, 40) . In a sentinel study by Olive and colleagues, depletion of the pancreatic stroma using the Hedgehog inhibitor IPI-926 produced a marked increase in CD31 þ staining and an increase in intratumoral gemcitabine delivery, thereby enhancing cellular apoptosis and improving overall survival in LSL-Kras G12D/þ ;LSL-Trp53 R172H/þ ;Pdx-1-Cre mice (11) . Therefore, recent interest has been aimed at identifying agents which target the stromal constituents in PDAC to potentially improve the chemotherapeutic response (41) (42) (43) .
Despite an abundance of promising preclinical data, pharmacologic inhibition of either the EGFR or Src pathways in combination with cytotoxic chemotherapy has showed limited efficacy in clinical trials of PDAC. In the CONKO-005 trial, there was no observed benefit in disease-free or overall survival with the addition erlotinib to traditional gemcitabine regimens in the treatment of resectable PDAC (3). Similarly, dasatinib monotherapy has failed to improve the efficacy of gemcitabine in a randomized controlled trial for the treatment of locally advanced PDAC (4) . Feedback activation of STAT3 has been identified by our group and others as an essential mediator of resistance to Src and EGFR pathway inhibitors which may account for the lack of clinical efficacy seen with these single-agent regimens (6, 8, 16, 44) . Previous studies have demonstrated that monotherapy with either dasatinib or erlotinib shows only a transient decrease in pSTAT3 levels, with reactivation seen at roughly 24 hours posttreatment. Synchronous inhibition of both the Src and EGFR kinases has been shown to combat these resistance mechanisms through sustained inhibition of the STAT3 pathway, leading to an improvement in gemcitabine efficacy in primary PDAC tumor cells (6, 14) .
In this study, we demonstrate for the first time that combined Src and EGFR inhibition does not only exert its potent antitumor effects through acting on PDAC tumor cells, but induces dramatic changes in the tumor stroma, resulting in reduced tissue fibrosis and enhanced MVD with in the TME. Furthermore, these alterations corresponded to an increase in gemcitabine penetration into xenograft tumors and markedly improved overall survival in PKT mice. Prior investigations by our group have specifically highlighted the importance of JAK/STAT signaling in influencing the stromal landscape in PDAC (45) . In this study, we have verified that STAT3 activation is markedly decreased with concurrent EGFR and Src inhibition. Furthermore, the stromal changes observed in this investigation, including an increase in MVD and enhanced intratumoral penetration of gemcitabine, closely mirror those that we and others have observed with STAT3 blockade alone, suggesting that combined Src/EGFR inhibition may mediate these effects on stroma through inhibition of STAT3 (14) . However, further mechanistic studies are needed to definitively validate this hypothesis.
Overall, these findings demonstrate a novel mechanism of action of combined Src and EGFR inhibition in promoting stromal remodeling, increasing MVD, and enhancing gemcitabine penetration within PDAC tumors. The therapeutic potential of this regimen is evidenced in a recent phase I trial utilizing dasatinib and erlotinib in combination with gemcitabine for the treatment of advanced PDAC, which showed encouraging preliminary results (46) . The results obtained in this study provide valuable preclinical insights into the therapeutic benefit of combined Src/EGFR inhibition observed in these patients. As the stromal compartment is essential in mediating tumor progression and effector immune cell infiltration, future mechanistic investigations into the alterations in cytokine signaling and immune populations within the TME produced by dasatinib and erlotinib treatment should be explored.
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